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Abstract
A new approach in the gravitational wave experiment is considered.
In addition to the old method of searching for coincident reactions of two
separated gravitational antennae it was proposed to seek perturbations of
the gravitational detector noise background correlated with astrophysical
events such as neutrino and gamma ray bursts which can be relaibly reg-
istered by correspondent sensors. A general algorithm for this approach is
developed. Its efficiency is demonstrated in reanalysis of the old data con-
cerning the phenomenon of neutrino-gravity correlation registered during
of SN1987A explosion.
1 JOINT SCENARIOS FOR ASTRO-GRAVITY
EVENTS
A conventional scheme of the gravitational wave experiment on searching for
stochastic bursts of gravitational radiation from astrophysical sources supposes
a registration of coincident reactions of two or more spatially separated gravi-
tational detectors. It was considered as only way to establish a global nature of
the detected signal which probably could be a metric perturbation associated
with gravitational wave if the detector’s isolation was good enough [1].
A realization of this scheme requires at least two identical gravitational an-
tennae located in dierent points of the globe with good synchronized clocks,
good communication etc. Although this ideology is known already thirty years
the coincident experiment in automatic regime was performed only by J.Weber
during his rst observation with room temperature bar detectors located in
Chicago and Maryland [2]. Later the "coincidence searching" episodically have
been done by several groups as a rule in the form of joint data analysis of the
electronic records of both setups a posteriori but not on line. The recent example
of such procedure with cryogenic antennae EXPLORER and ALLEGRO is pre-
sented in the paper [3]. A reason why the detection of coincidences "on line" was
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replaced with analysis a posteriori is obvious. The "on line" regime (although
it’s very convenient and eective) requires an additional electro-communication
equipment. Besides it could be easy realized if the same research group would
have two equivalent detectors in disposal (like it was in "time of room tempera-
ture bar detectors") but a complication and large cost of modern cryogenic and
interferometrical set up makes it dicult in general. In nearest future the au-
tomatic selection of coincidences probably will be realized with two large scale
interferometric antennae which are under construction now in the LIGO project
[4]. At present however the coincidence analysis a posteriori is considered as the
only way of investigation stipulated by a presence of two gravitational antennue
in simultaneous operation with equivalent sensitivity.
In last years another type of gravitational wave experiment was discussed.
The idea is to search weak perturbations of the gravitational detector’s noise
background correlated with some astrophysical events such as neutrino and
gamma ray bursts [5,6,7,8]. The reason of this approach lies in the under-
standing that last stages of star evolution (such as supernova explosion, binary
coalescence, collapse etc.) traditionally considered as the gravitational burst
sources have to be accompanied also by neutrino and very likely gamma radia-
tion. It means in general that a detection of neutrino or gamma ray bursts by
appropriate sensors denes time marks around which one might hope to nd
also exitations of the gravitational detectors. An advatage of this method con-
sists rst of all in a remarkable reduction of the observational time interval and
second in a potential opportunity to accumulate weak signals. The last point is
especially interesting taking into account a decit of required sensitivity of the
gravitational detectors available at present in the world laboratories.
The theoretical presentation of the neutrino bursts produced by collapsing
stars at the end of stellar evolution is well known, see for example [9,10,11].
According to the theory a total energy released in the form of neutrino radi-
ation of all flavors has the order of value 0:1Mc2 and a time scale of several
seconds (2{20 s) This radiation can be detected (mainly due to the inverse -
decay reaction) if a source is located not too far from the Earth (10{100) kpc.
Correspondent experimental programms ("Supernova Watcher") are accepted
and carried out by the all neutrino groups having appropriate liquid scintilla-
tion detectors [12,13] or water cherenkov detectors [14,15]. Moreover the rst
registration of neutrino flux from supernova as it believes was xed during of
SN1987A explosion [16-19]. All this programms are orientated on the search
of collapsing stars in the Galaxy and close local groups i.e. expected average
rate of events is 3 per 100 years [16]. It is unlikely to wait a large increasing
of penetrating power from the neutrino telescopes in nearest future. So Super
Kamiokande detector with eective mass in ten times larger allows a detection
of 150 neutrino events per year from LMC but only one event from Andromeda
[20]. It is unrealistic to relay on a detection neutrino from supernova in the
Virgo Claster (15{20 Mpc) which considered as one of the principal sources of
a signal for gravitational detectors. Thus a search of correlations between noise
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backgrounds of neutrino and gravitational wave detectors is limited by the con-
dition of very low event rate (3−10)10−2y−1 and an opportunity of "signal-noise
enhancing" through some integrating procedure practically is absent. Although
an expected amplitude of a solitary gravitaional pulse signal might be relatively
large up to 10−18 in term of metric perturbation from a source in the center of
Galaxy.
The other astrophysical phenomenon of our interest, gamma-ray bursts,
looks more propitious although it still remains to be confused [21]. The main
attractive feature of this phenomenon is a relatively high event rate, on average
one per day. The large energy emission evaluated for some registered gamma
bursts up to the 0; 1Mc2 together with amplitude short time variations on
order of 0; 1s implies to relativistic stars as burst sources.
In process of study of this phenomenon two principal scenarios have been
considered in respect of the gamma-ray bursts nature. The rst one suggests
its galactic origin associated with high velocity pulsars distributed not only in
the galactic disc but also in the Halo [22]. The second scenario appeals to a
cosmological picture in which gamma bursts are produced during catastrophic
processes with relativistic stars such as collapses, binary coalescences, supernova
explosions in distant galaxies [23]. Thus the both scenarios deal with objects
that have been considered also as sources of gravitational radiation. Galactic
pulsars could produce only very weak GW-bursts as a result of "starquakes"
with equivalent metric perturbation on the Earth of order of 10−23 10−24 [24]
for a source in center of Galaxy. However authors of the papers [25,26] believe
that even a more close pulsar population in vicinity 100 pc might provide an
observable rate of gamma events  5 per month through mechanizm of "star-
quake". Then a correspondent GW burst amplitude would be awaited on the
level of 10−21  10−22. In the cosmological picture, if one includes into consid-
eration binaries with back hole components the astrophysical forecast gives the
GW-burst event rate up to 30 per year at a metric amplitude level of 10−21 in
the solar vicinity of 50{100 Mpc [27,28]. This estimation was found supposing
that only 10−4 part of stellar rest mass energy could be converted into gravi-
tational radiation. A more optimistic value of the convertion coecient 10−2
used in the other papers [29,30] would increase the expected metric amplitude
up to 10−20.
The recent results obtained with BeppoSAX satellite and Keck II telescope
permitted to confront the gamma-ray burst GRB971214 with a galaxy having
the redshift of z = 3:4. The other case is the burst GRB970508 with an optical
counterpart at z  0:835 [31]. That is the strong evidence of the cosmological
nature at least for a part of the registered bursts. Along with these very far
sources (1-10) Gpc. more close events were registered. For example the burst
GRB980425 probably was associated with an optical object type of supernova
explosion at the distance 40 Mpc (z = 0:08) [32]. It is not completely clear
how the gamma radiation could penetrate through envelope of supernova, how
the black hole coalescence could release the gamma burst, but the energetic
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of observable events denitely requires scenarios with a crash of relativistic
stars and therefore an expectation of the gravitational radiation accompaniment
seems reasonable. Moreover the energetic estimation of the GRB971214 burst
 2  1053 erg even exceeds a conventional theoretical electromagnetic energy
release 1051 erg for supernova or neutron star binary merging [33]. It makes the
models of black hole binary mergers or rapidly rotating massive black hole with
accretion, so called "hypernova" [34], more attractive and at the same time they
are more promissing in respect of the gavitational wave output.
Thus there are serious theoretical prerequisites to search for gravitational
bursts around time marks dened by correspondent events of neutrino and
gamma-ray detectors. Now lists of desirable events can be provided by the four
world neutrino telescops and cosmic CGRO (BATSE) and BepoSAX satellites.
In this situation the key question is a sensitivity of the gravitational detectors
which are in operation at present. In fact this is only supercryogenic reso-
nance detector "NAUTILUS" (INFN,Frascati) and similary set up "AURIGA"
(INFN,Legnaro) [58] could achieve the sensitivity level 10−21 for short bursts
 10−3 s [35]. The two cryogenic detectors mentioned above "ALLEGRO" [59]
and "EXPLORER" have the short burst sensitivity 6  10−19 i.e. of 2,5 orders
less the desirable value. However it worth to note here that for more long signals
the estimation of its sensitivity must be increased up to 10−21 for burst duration
close to 1sec due to accumulation of signal cycles (see detailes in [36]).
Generally an improvement of detection sensitivity depends on our knowl-
edge of the signal structure, arrival time etc. In this sense a theory does not
provide us a large assortiment of models for gravitational signal. Mostly its
energetic part might be presented by a short pulse with several cycles of carrier
frequency (102−103) Hz [24]. There is a decit of models with joint description
of the gravitational, neutrino, and gamma radiation output. Some examples one
can nd in the papers [24,29,30,37] where multi-stage scenarios of gravitational
collapse were considered in the processes of neutron star formation and star rem-
nants coalescence. In such approach a packet of the neutrino pulses separated
by time intervals from few seconds up to several days accompanied by gravita-
tional bursts was predicted with a total energy release up to one percent of the
rest mass. The multi-stage scenario is also typical for collapse of massive star
with large initial angular momentum [24]. A radial matter compression there
might be interrupted by repulsing bounces, fragmentation, fragments mergers
or ejection of one of them etc. In principle each of these stage could produce
gravitational, electromagnetic and neutrino bursts but a detaile description of
such models has not yet been developed. Entirely inspite of obvious uncertainty
of joint scenarios and unknown event rate of complex collapses in the Universe
an expectation of the multi-pulse structure for a gravitational signal associated
with a packet of neutrino and gamma ray bursts is enough grounded at present.
The argumentation above stimulates one to dene an optimal data process-
ing of the gravitational detector output in parallel with a record of astrophysical
events registered by neutrino or gamma ray observatories. A simple compar-
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ison with an attempt to nd coincidences is insucient due to an inevitable
unknown time delay between events of dierent nature [57] but mainly due to
a decit of gravitational and neutrino detector sensitivity. Partly for this rea-
son the attepmts of searching for correlation between neutrino-gamma data [38]
and gamma-gravity data [39] were not successful. It has to be done according
to the optimal ltration theory taking into account all available information
concerning of noise background and conceivable model of signal [40].
The goal of this paper is to formulate some optimal algorithm of searching
for a correlation of neutrino as well as gamma-ray events with perturbations of
gravitational bar detector. We consider this case because a noise statistics of
the resonance bar detector at present can be dened more accurately than the
statistics of a free mass gravitational antenna.
The associated goal is to apply the optimal algorithm to old data concerning
the neutrino-gravity correlation phenomen registered during of SN1987A super-
nova explosion. The results reported in the series papers [41-44] have not found
any clear astrophysical explanation , have met some objections, and up to now
continue to be subject for discussion.
2 MLP-detection algorithm for incoherent pack-
ets of GW pulses
In a general frame of the ltration theory it is neccessary to dene principal
properties of expected signal and noise background in order to nd an optimal
ltering procedure. Following the argumentation above we take as a signal
model so called "incoherent packet of pulses" in which gravitational events are
given by an irregulary group of short impulses with two principal parameters:
arrival times i and amplitudes ai. Intervals between individual impulses might
be variated in wide limits according to the rate of astrophysical events. The
form of individual pulse is ignored besides its duration ^ which is supposed to
be enough short i.e. it contains only a few periods of the carrier frequency ! so
that !^  1 and !  (!0  1=^) where !0 is a central frequency of the reciever
bandwidth.
A stochastic background is dened by the noises of gravitational bar antenna.
The structure of modern cryogenic antenna contains of a cooled bar-detector,
electromechanical transducer as a read out, amplier and a preliminary ltration
link with limited bandwidth !  ^−1 : a dierential cell, Winer-Kolmogorov
lter etc. The priciple point is that one can take the Gaussian model of output
antenna noise as a good approximation having in the mind a perfect acoustical,
seismic and electrical isolation of modern cryogenic set ups.
After these remarks one can give a mathematical formulation of the optimal
detection procedure. The antenna output x(t) is an additive mixture of the
noise (t) and signal S(t) where the last one might be described by incoherent
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sequence of short "gravitational" bursts sk so that




Here (t) is supposed to be a stationary gaussian noise with the spectral density
W (!) dened by the antenna structure;  = (1; 0) is a formal parameter marking
a presence or absence of the signal. The individual pulse signal in the S(t)
sequence can be presented in the complex space as
sk(t) = Re[~sk(t)ejω0t];
~sk(t) = ak ~H(t− tk)ej(Θk−ω0tk): (2)
The new notations in these expressions ~sk(t) and ~H(t) are complex overlopes
of the "gravitational" bursts and impulse characteristics (Green function) of the
linear antenna track
H(t) = Re[ ~H(t)ejω0t] = H0(t) cos [!0t+  (t)]
with !0 as a resonance frequency of the bar antenna.
In addition to the mentioned signal parameters, | pulse amplitudes and
arrival times, the expression (2) containts also the third parameter, | initial
phases k. Of course an optimal data processing algorithm depends on apriori
suppositions concerning these values.
The amplitude parameter ak, if it is small, does not produce any remarkable
influence on the structure of data processing algorithm. In contrast the two
other parameters, initial phase and pulse arrival time essentially aect on the
optimal detection procedure. In particulary a principal specics of the "astro-
gravity correlation hypothesis " should be expressed in the apriori supposition
that arrival times of gravitational bursts are located in vicinity of astrophysical
event times registered by some independent way, i.e.
tk = tak + ; k = [1; 2:::n]: (3)
Here ak are the time-marks of "astrophysical events" a total number of which
was n on the observational interval [0; T ];  is an unknown shift between "as-
trophysical" and "gravitational" events. Admissible values of this shift have to
be limited apriori by some interval (min; max) which must be dened specially.
The problem of optimal data processing algorithm for a detecting of packet of
GW-pulses on the output of gravitational bar antnna can be solved in the frame
of Maximum Likelihood Principal. According to MLP one has to construct a
special variable, some function of antenna output process x(t), maximization of
which can provide a maximum probability to register a signal aposteriori , i.e.
refering only to the factual realization x(t) on the observational time interval
[0; T ] and having in the mind an available apriori information .
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In the case of a signal on the gaussian noise the answer is well known: MLP-














where the reference function u(t) is a solution of the integral equationZ T
0
Kξ(t− )u() d = S(t) ; 0 < t < T (5)
with Kξ(t) | the correlation function of the (t) process; the simbol < :: >
means a statistical averaging.
In this point we must introduce one more hypothesis concerning on apri-
ori signal information: namely we suppose that pulses in our packet are rare
enough and can not recover each other in time. It completely corresponds to
astrophysical expectation of small events rate for catastroc phenomena with
relativistic stars. This hypothesis of "unrecovering pulses" immedeately leads





where k is the likelihood ratio functional for individual k-pulse. It obeys to the
formulae (4,5) with substitution u(t) ! uk(t) and S(t) ! sk(t). Thus nally







zk; zk = ln k[x]: (7)
The equations (4), (5), written for the individual pulse sk(t) and formula
(7) represent a general solution of the problem MLP-variable for the incoherent
packet of signal pulses on the gaussian noise background. To reduce it on a
practical level one has to nd a manifest form of the reference function uk(t)
and then to calculate the value zk. Below we give some approach to such
procedure.
Under the natural conditions that a correlation time of the bar antenna noise
as well as a signal pulse duration are much less the observational interval T one
can expand the upper limit of integrand in the equation (5) to innity; then a
spectral thransformation of this expansion leads to
uk(!) ’ sk(!)=Nξ(!) (8)
where the correspondent Fourier transformants are introduced: uk(!) $ uk(t),
sk(!) $ sk(t) and Nξ(!) $ Kξ(t).
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Then having in a mind the Parseval identityZ 1
−1


























Here ~sk(!) is the transformant of the complex overlope of the pulse ~sk(t).
























with ~H(!) $ ~H(t) and k = !0tk −k.
It is convenient to present the expression (10) in terms of the output an-
tenna variable ~y(t) which is a result of passing the input variable x(t) (1)
through some optimal "data processing lter" with transfer function Kopt =










with notations:  k = !0(t0 + tk)−k and 2 = (1=)
R1
−1 jKopt(!)j2=Nξ(!) d!
| the output noise dispersion.
Finally, introducing an amplitude of the output signal reaction Ak = j <









The formula (12) gives in principle an answer to the question about the
structure of MLP-variable, but it contains signal pulse parameters Ak;k; tk
which are unknown apriori. To avoid this problem one can use a so called
"generalized form of MLP" [45] when unknown parameters are replaced by their
"maximum likelihood evaluations" A^k; ^k; t^k which can be taken as solutions
of the following extremum equations
@zk=@Ak = 0; @zk=@k = 0; @zk=@tk = 0 (13)
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A direct calculation with zk = ln k[x] from (12) leads to conclusions that
a) the MLP-evaluation of the amplitude coincides with the overlope of a narrow
bandwidth process on the antenna output R(t)
A^2k = fRe[ejψˆk ~y(tk)]g2 = jy(tk)j2 = R2(tk) (14)
and then a recipe for construction of MLP-variable is
zk = (A^2k=2
2) = (R2(tk)=22) (15)
b) the MLP-evaluation of the unknown time shift  between the "astrophysical"
time mark ak and arrival time of "gravitational" signal k is dened by a
position of maximum of the function zk(ak + ) in the  space.
The conclusions above correspond to the supposition that parameters of
signal pulse are denite but unknown values. There is also other conceivable
case when one considers initial signal phases k as stochastic variables with
uniform distribution in the interval [0; 2]. Then after a statistical averaging
one can nd a dierent form of the MLP-variable


















I0; I1 in the (16),(17) are the modied Bessel functions.
A correspondent MLP-variable for the case of stochastic initial phase k
looks like










A solution of the equation (17) is given on the Fig.1. It demonstrates that a dif-
ference between estimations (14) and (17) is essential only for small signals with
amplitudes Ak > . For the amplitudes Ak  2 the both estimations practi-
cally coincides and recommends to take a value of the output overlope R(tk) as
a MLP-evaluation of the Ak. Then the dierence between MPL variables (15)
and (18) also vanishes.
Now coming back to the expression (7) we can summarize the results. In
the frame of the model of incoherent packet of signal pulses on gaussian narrow-







which is the sum of quadratic counts of the antenna output overlope taken in
times of astrophysical events with some small shift  (3); the sum is accumu-
lated on the interval of observation which aposteriori contained n events.
Then it is recommended to nd an absolute maximum of Z through vari-
ations of the shift  (see (13) and point b)), i.e. to get over a new so called
absolute maximum | variable
Zmax = max
τ
Z();  2 [min; max] (20)
A value of opt which provides a maximum of Z() should be taken as MLP-
evaluation of the real time shift between astrophysical event and gravitational
signal (in our simple approach the shift is supposed to be the same for all events,
| a hypothesis of "homogenity of events"). As we remarked already there is
no a denition of the  -interval limits inside of the statistical model; it has to
be choosed on a base of additional physical arguments.
A strategy of the operator performing a data processing of gravitational
antenna output and having a list of "astrophysical events" can be thought in
the frame of Neuman-Pirson approach (under condition of appriori information
deficit). After composing the Zam variable one has to compare it with a threshold
dened by statistical properties of Zmax. A crossing of the threshold would mean
"a presence of signal" with an accuracy of the "false alarm" error. Thus such
strategy supposes a preliminary knowledge of Zmax statistics. It might be taken
from theoretical suppositions or to be a result of some empirical study of the
output antenna realization.
3 STATISTICAL PROPERTIES OF THEMEA-
SURABLE VARIABLES
There are three observant variables involved in the MLP data processing. These
are the squared overlope of the antenna output R2(t) (14), the sum of overlope
counts Z (19), taken in the moments of astrophysical events on the observational
interval [0; T ] and the maximum value of this sum Zmax (20) corresponded to
the optimal time shift. Statistics all of them can be calculated analitically if
we accept the gaussian approximation of the bar antenna noise. As experiment
has shown this supposition is very close to reality with an exception of large
energetic thresholds where the thermal statistics can be distored by stochastic
nongravitational hindrances (a correction which could be introduced in this case
we discuss in section 5).
The formulae (19),(20) were derived in dimentionless form. For a comparison
with experiments it is useful to have also dimentional expressions for these
variables in kelvin degrees.
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